Abstract -This paper proposes a new configuration for the Unified Power Quality Conditioner, which has a DC/DC converter with super-capacitors for energy storage. The proposed UPQC can compensate the reactive power, harmonic current, voltage sag and swell, voltage imbalance, and voltage interruption. The performance of the proposed system was analyzed through simulations with PSCAD/EMTDC software. The feasibility of system implementation is confirmed through experimental works with a prototype. The proposed UPQC has ultimate capability to improve the power quality at the point of installation on power distribution systems and industrial power systems.
Introduction
As more sensitive loads, such as computers, automation equipments, communication equipments, medical equipments, and military equipments, have come into wide use, power quality has become a significant issue to both customers and the utility companies. Since these equipments are very sensitive in relation to input voltage disturbances, the inadequate operation or the fault of these loads brings about huge losses [1] [2] [3] . The elimination or mitigation of disturbances propagated from the distribution system is absolutely required to improve the operational reliability of these loads.
The terminology and the guidelines for power quality has been described in detail at IEEE-519 and IEC-555 [4] . According to these guidelines, the voltage sag or swell is allowed by 10%, the total harmonic distortion is allowed by 5%, and the voltage unbalance is allowed by 10% [5] . UPQC has been widely studied in order to improve universal power quality by many researchers [6] [7] [8] . The function of UPQC is to mitigate the disturbance that affects the performance of the critical load. The UPQC, which has two inverters that share one dc link capacitor, can compensate the voltage sag and swell, the harmonic current and voltage, and control the power flow and voltage stability. However, the UPQC cannot compensate for the voltage interruption because it has no energy storage in the dc link.
This paper proposes a new configuration for the UPQC that consists of a DC/DC converter and super-capacitors for energy storage. The operation of the proposed system was verified through simulations with PSCAD/EMTDC software, and the feasibility of hardware implementation was confirmed through experimental works with a prototype of 20kVA rating.
Configuration of proposed UPQC
The UPQC is utilized for simultaneous compensation of the load current and the voltage disturbance at the source side. Normally the UPQC has two voltage-source inverters of three-phase four-wire or three-phase three-wire configuration. One inverter, called the series inverter is connected through transformers between the source and the common connection point. The other inverter, called the shunt inverter is connected in parallel through the transformers. The series inverter operates as a voltage source, while the shunt inverter operates as a current source.
The UPQC has compensation capabilities for the harmonic current, the reactive power compensation, the voltage disturbances, and the power flow control. However, it has no compensation capability for voltage interruption because no energy is stored. This paper proposes a new configuration for the UPQC that has the super-capacitors for energy storage connected to the dc link through the DC/DC converter. The proposed UPQC can compensate the voltage interruption in the Fig. 1 . UPQC system interconnected with energy storage source side to make the shunt inverter operate as an uninterruptible power supply. Therefore, the shunt inverter operates as a voltage source in interruption mode as well as a current source in normal mode.
UPQC control strategy
The control system has four major elements, which are a positive sequence detector, a shunt inverter control, a series inverter control, and a DC/DC converter control. Fig. 2 shows the control system of the proposed UPQC, including the power circuit. (1) Fig. 3 . Positive sequence voltage detector
Shunt Inverter Control
Two functions of the shunt inverter are to compensate the current harmonics and the reactive power, and to supply the active power to the load during voltage interruption. Fig. 4 shows the configuration of shunt inverter control, which includes the current control for harmonic compensation, and the output voltage control in voltage interruption.
In normal operation the shunt control calculates the reference value of the compensating current for the harmonic current and the reactive power, considering the power loss loss p due to the system and inverter operation. This loss should be compensated to maintain the dc link voltage during operation of the series inverter. The reference value of the compensating current is derived using Equation (2) .
The reference voltage is determined using (3) and (4) . The reference voltage If the shunt inverter is assumed to generate the reference voltage for each period of power frequency, the transfer function of the filter current can be derived as in (5) .
When the voltage interruption occurs, the operation mode is changed from normal compensation mode to interruption compensation mode. The super-capacitors provide the active power to maintain the load voltage constant. The shunt inverter starts to perform the voltage and current control using the PI controller. The dynamic equations can be derived using the equivalent circuit of a shunt inverter. The state equations for the voltage control and the current control can be expressed by (6) and (7). 
Series Converter Control
The function of the series inverter is to compensate the voltage disturbance on the source side, which is due to the fault in the distribution line. The series inverter control calculates the reference voltage to be injected by the series inverter, comparing the positive-sequence component with the disturbed source voltage. The reference voltage for PWM switching of the series inverter is obtained from the proportional control and the feed-forward control. Equation (8) shows the control equation needed to calculate the reference voltage. Fig. 7 presents the configuration of the series inverter control, which is based on this equation. 
DC/DC CONVERTER
The DC/DC converter is located between the energy storage and the DC-link capacitor. The DC/DC converter charges the super-capacitor for energy storage under normal operation, and discharges the super-capacitors for energy release during the voltage interruption. The DC/DC converter can operate in bi-directional mode using softswitching scheme [9, 10] .
Energy Storage Design
The size of the super-capacitors is determined depending on the duration of voltage interruption and the size of connected load. It is assumed that the voltage interruption has a duration of 2 sec and the load has a power rating of 20kW. Therefore, total energy to be released during the voltage interruption is 40kJ. The bank of super-capacitors is designed considering three criteria, the expandability of storage capacity, the imbalance of unit voltage, and the current rating of each unit. HP1700P-0027A, manufactured by Ness Company was selected as a basic unit for the energy storage bank. Table 1 shows the specification of the selected supercapacitor unit. 
The maximum current flows through the super-capacitor unit, when it discharges the maximum power and is at the lowest discharging voltage. The maximum voltage across the super-capacitor bank can be determined with the maximum discharge power and the maximum current as follows.
Therefore, the lowest discharge voltage and the maximum allowable voltage of the super-capacitor determine the number of units to be connected in series as follows. However, the bank was designed using a total of 56 units of super-capacitors for the purpose of safety margin.
Converter Design
The operation voltage of the super-capacitor bank is in the range between 115-135V, while the dc link voltage is about 700V. The ground point in the dc link should be isolated from the ground point in the super-capacitor bank. The converter should have a high current rating in the bank side and a high voltage rating in the DC link side. Considering these requirements, a DC/DC converter with two fullbridges was selected as shown in Fig. 8 . From a design point of view it is not effective to build a single 20kW DC/DC converter due to the restriction in power rating of the switching unit. Since super-capacitors operate at low-voltage large-current, the switching frequency is limited by the critical value of di/dt, which depends on the leakage inductance of the coupling transformer. So, when the converter is designed in a single module, the switching ripple of charging or discharging current is high. Therefore, the proposed DC/DC converter has four modules of a 5kW converter connected in parallel instead of one module of a 20kW converter. When the multi-module is used, it is possible to expand the system rating and to increase the operation reliability. Also, the switching ripple of the charging or discharging current can be sharply reduced using the interleaving scheme of PWM switching.
Controller Design
The controller of the DC/DC converter is comprised of the main control, charging control, and discharging control.
One function of the main control is to select the charge mode and discharge mode according to the command from the UPQC main controller. The other function of the main control is to monitor the operation of each converter module and to remove the module in fault. The main control also monitors the maximum and minimum charge or discharge voltage. The discharge control was designed to charge the super capacitors when the voltage interruption occurs in the ac side. The charge operation is performed with four modules in the 20kW power rating. The discharge control consists of two control loops, which are the outer loop of voltage control and the inner loop of current control as shown in Fig. 10 . The voltage control loop measures the DC link voltage and compares it with the reference voltage. The error passes through the RC circuit to calculate the reference current for the inner-loop current control. The inner-loop current control measures the discharge current on bank side and compares it with the reference current obtained from the outer-loop voltage control. The error passes through the RC circuit to calculate the duty ratio for the DC/DC converter module. The charge control was designed to charge the super capacitor in a slow speed in order to prevent any DC link voltage change under normal operation. The charge operation is performed with only one module in the 2kW power rating and stops when the bank voltage reaches 135V. The operation of charge control has the same configuration as that of the battery charger.
Computer Simulation
Many computer simulations with PSCAD/EMTDC software were performed for the purpose of analyzing the operation of the proposed UPQC. The power circuit is modeled as a 3-phase 4-wire system with a non-linear load that is composed of a 3-phase diode-bridge with RL load on the dc side. The controller was modeled using the builtin control block in the PSCAD/EMTDC software. The circuit parameters used in the simulation are shown in Table II . The maximum simulation time was set up by 700ms. It is assumed that the shunt inverter started to operate at 100ms, while the series inverter started to operate at 200ms. rd graph shows respectively the current waveform of the source, the shunt inverter, and the load, which confirms the operation of the active power filter. 
Experimental Results
A prototype was built and tested to confirm the feasibility of actual hardware implementation. In order to simulate various fault cases, a source simulator using two inverters with a DSP processor was built in a separate cabinet, which can generate the voltage sag, the voltage swell, and the voltage interruption to simulate the voltage disturbance in the distribution system. Another UPQC was also built in a cabinet using two inverters with one solidstate switch and a DSP processor. A 20kW DC/DC converter with super-capacitors was built in a separate cabinet. There are four 5-kW DC/DC converter modules and four racks of super-capacitor banks, where each module is connected with each super-capacitor rack in an individual manner. Both linear and non-linear loads are built for experimental work. Each load is designed for simulating the various load conditions. All the circuit parameters are exactly identical to those used in the computer simulation. All the experimental conditions are set up just the same as the simulation conditions. Fig. 18 shows the compensation of harmonic current in the shunt inverter. Although there are some highfrequency harmonics, the experimental result is very close to the simulation result. , and last graph presents the dc link current from each DC/DC converter module, which confirms that each module provides a balanced constant current.
Conclusion
This paper proposes a new configuration for the UPQC (Unified Power Quality Conditioner), which consists of series inverter, shunt inverter, DC/DC converter, and supercapacitors for energy storage. The proposed UPQC can compensate the reactive power, harmonic current, voltage sag and swell, voltage imbalance, and voltage interruption. The control strategy for the proposed UPQC was derived based on the instantaneous power method. The operation of the proposed system was verified through simulations with EMTDC software, and the feasibility of hardware implementation was confirmed through experimental works with a prototype of 20kVA rating. The proposed UPQC has the ultimate capability of improving the power quality at the point of installation on power distribution systems or industrial power systems.
